We have examined expression during spermatogenesis in the mouse of three Y-linked genes, 11 X-linked genes and 22 autosomal genes, all previously shown to be germ-cellspecific and expressed in premeiotic spermatogonia, plus another 21 germ-cell-specific autosomal genes that initiate expression in meiotic spermatocytes. Our data demonstrate that, like sex-linked housekeeping genes, germ-cell-specific sex-linked genes are subject to meiotic sex-chromosome inactivation (MSCI). However, while all of the sex-linked genes we investigated underwent MSCI, 14/22 autosomal genes expressed in spermatogonia showed no decrease in expression in meiotic spermatocytes. This along with our observation that an additional 21 germ-cell-specific autosomal genes initiate or significantly up-regulate expression in spermatocytes confirms that MSCI is indeed a sex-chromosome-specific effect. Our results further demonstrate that the chromosomewide repression imposed by MSCI is limited to meiotic spermatocytes and that postmeiotic expression of sex-linked genes is variable. Thus, 13/14 sex-linked genes we examined showed some degree of postmeiotic reactivation. The extent of postmeiotic reactivation of germ-cell-specific X-linked genes did not correlate with proximity to the X inactivation center or the Xist gene locus. The implications of these findings are discussed with respect to differential gene regulation and the function of MSCI during spermatogenesis, including epigenetic programming of the future paternal genome during spermatogenesis.
INTRODUCTION
In male mammals, development and differentiation of the germline is a dynamic process (1) (2) (3) (4) (5) . Primordial germ cells (PGCs) migrate to the developing testis where they form prospermatogonia that subsequently enter mitotic arrest and remain in this state for the duration of fetal development. Shortly after birth in the mouse, these cells resume mitotic activity and a subset of these cells seed basal compartments of the developing seminiferous tubules to form stem spermatogonia. The spermatogonial stem cell population replicates mitotically to both maintain itself and ultimately give rise to differentiating spermatogonia. These cells then enter meiosis as primary spermatocytes that proceed through the first and second meiotic divisions to yield postmeiotic spermatids that differentiate via the process of spermiogenesis to form spermatozoa.
Spermatogenesis is marked by dramatic changes in cellular morphology and cellular contents that are the direct result of dynamic shifts in patterns of gene expression that distinguish premeiotic, meiotic, and postmeiotic spermatogenic cell types (6) (7) (8) (9) . Our previous study to identify germ-cell-specific genes expressed in premeiotic spermatogonia yielded the surprising finding that an abundance of sex-linked, especially X-linked, genes are expressed in premeiotic spermatogonia (10) . This was consistent with the evolutionary theories of Rice (11) who proposed that sex-linked genes that influence male-specific processes will be subject to more direct selection and, hence, will tend to propagate more rapidly throughout the population. This also reinforced earlier evidence of many critical and dynamic roles played by sex-linked genes in male germ cell development and differentiation (10, (12) (13) (14) (15) (16) (17) (18) (19) (20) .
4
The sex chromosomes form a unique cytological structure in meiotic spermatocytes called the "XY body" (21, 22) (previously known as the "sex vesicle" (23) ). The XY body is manifest as a non-membrane bound, darkly staining region of the nucleus in primary spermatocytes. This structure is distinguished on the basis of its relatively condensed chromatin structure compared to that of the autosomes in these same cells. This condensed chromatin appears to be inhibitory to transcriptional activity, resulting in transcriptional repression of sex-linked genes during meiotic stages of spermatogenesis (24) (25) (26) (27) (28) (29) . This process, known as "meiotic sex-chromosome inactivation" (MSCI), has previously been characterized primarily through studies of expression of housekeeping genes during spermatogenesis (29) (30) (31) . Our discovery that a large number of germ-cell-specific sex-linked genes are expressed in spermatogonia (10) has now afforded the opportunity to determine if these genes are also subject to MSCI.
This has also facilitated a direct comparison of the expression patterns of sex-linked and autosomal germ-cell-specific genes during spermatogenesis.
Several questions about MSCI remain to be fully investigated, especially with respect to germ-cell-specific sex-linked genes. These include 1) the extent to which this process affects all sex-linked genes, including both germ-cell-specific and housekeeping genes, 2) the extent to which MSCI is indeed limited to sex-linked genes, 3) the extent to which MSCI is strictly a meiotic phenomenon and/or persists into postmeiotic stages of spermatogenesis, and 4) the extent to which chromosomal position of germ-cell-specific X-linked genes, relative to the X-inactivation center, may influence their inactivation at Pennsylvania State University on February 28, 2013 http://hmg.oxfordjournals.org/ Downloaded from during meiosis and/or their reactivation following meiosis. Certain sex-linked genes have been shown to undergo either postmeiotic reactivation of expression following MSCI (31), or de novo initiation of expression in postmeiotic spermatids, but these studies have also been focused primarily on housekeeping genes (32, 33) . The extent to which an entire set of germ-cell-specific sex-linked genes exhibits postmeiotic reactivation has not previously been examined.
It was recently hypothesized that MSCI may lead directly to repression of genes on the paternal X-chromosome in the trophectoderm, primitive endoderm, and early embryo proper following fertilization. Specifically, Huynh and Lee (34) have proposed that proximity to the Xic and/or Xist loci may influence the likelihood that paternally inherited X-linked genes will remain repressed during early embryogenesis in female (XX) embryos, although this remains a point of question (35) . This could result from either persistent repression of X-linked genes following MSCI, or epigenetic programming of X-linked genes during spermatogenesis resulting in imprinted repression following fertilization. We are now able to test the extent to which germ-cell-specific Xlinked genes undergo postmeiotic reactivation, and whether or not this is related to their proximity to the Xist/Xci loci.
In this study, we have taken advantage of our ability to recover relatively pure populations of specific premeiotic, meiotic and postmeiotic spermatogenic cell types to examine expression patterns of germ-cell-specific sex-linked and autosomal genes during spermatogenesis in the mouse. Our results indicate that, like sex-linked housekeeping
RESULTS

Meiotic inactivation of germ-cell-specific sex-linked genes during spermatogenesis
We previously used a cDNA subtraction approach to identify three Y-linked genes, 11 Xlinked genes, and 22 autosomal genes that are expressed in premeiotic spermatogonia, but not in any of a variety of somatic tissues (10) . The pattern of expression of these 36 genes throughout spermatogenesis in the mouse is shown in Fig. 1 . As expected based on the manner in which these genes were identified, all were expressed in premeiotic spermatogonia, including primitive type A, type A and type B spermatogonia.
Importantly, all 14 of the sex-linked genes showed evidence of MSCI. Among the spermatogenic cell types we were able to assay, repression of sex-linked gene expression was most profound in primary spermatocytes, especially at the pachytene stage of first meiotic prophase, including pachytene spermatocytes isolated from either 18-day old mice entering puberty or adult mice at 60-70 days of age. Thus, MSCI appears to be a widespread phenomenon affecting the majority, if not all sex-linked genes during each wave of spermatogenesis. For certain of the sex-linked genes examined, a decline in levels of transcript was evident at earlier stages of first meiotic prophase. For example, the Y-linked Rbmy gene showed an initial decrease in transcript levels in leptotene + zygotene spermatocytes, as did the X-linked Usp26, Tktl1 and Tex13 genes.
The X-linked Fthl17 gene showed a noticeable decrease in transcript level in preleptotene spermatocytes. These results are consistent with the suggestion that transcriptional repression associated with MSCI may be initiated at the very beginning of meiotic prophase (29) . Presumably the differences in rates of decline of transcript levels among different sex-linked genes are a reflection of differential stabilities of these mRNAs rather than gene-specific differences in the timing of MSCI.
Autosomal germ-cell-specific genes are not uniformly subject to meiotic inactivation While the sex-linked genes uniformly showed repression during meiosis, 14 of 22 autosomal germ-cell-specific genes expressed in spermatogonia showed no decline in transcript levels in spermatocytes (Fig. 1) . This supports the notion that, as a chromosome-wide phenomenon, MSCI uniquely affects the sex chromosomes. That eight of these autosomal genes were repressed during meiosis is likely a reflection of the dramatic changes in gene expression patterns that accompany the spermatogoniumspermatocyte transition during spermatogenesis (6, 7) . Interestingly, of the eight autosomal genes that became repressed during meiosis, only one (Tex15) showed postmeiotic reactivation.
Direct evidence that differential gene expression underlies the spermatogoniumspermatocyte transition is shown in Fig. 2 . This shows the expression pattern of 21 autosomal germ-cell-specific genes, all but one of which (Prm1) initiate significant expression at the spermatocyte stage, as does the germ-cell-specific autosomal gene, Pgk2, shown as a control in Fig. 1 . All of these genes maintain or increase expression levels in postmeiotic spermatids. Despite the activation of numerous autosomal genes at the onset of meiosis, no study of which we are aware has identified a sex-linked gene that initiates expression in spermatocytes. Thus, repression of sex-linked gene expression during male meiosis is not due to a genome-wide cessation in transcription, but to a specific effect (MSCI) that selectively represses most or all genes on the X-and Ychromosomes.
Most germ-cell-specific sex-linked genes undergo postmeiotic reactivation
Of the 14 germ-cell-specific, sex-linked genes we examined, all of which underwent MSCI, all but one showed partial or complete reactivation in postmeiotic spermatids ( (Table I) . Postmeiotic reactivation was characterized as significant (postmeiotic transcript levels equivalent to premeiotic levels) or none/slight (postmeiotic transcript levels either undetectable or detectable at levels much lower than premeiotic levels). We found no consistent correlation between the map position of X- and Ott genes displayed little or no reactivation, and the most distal locus, Magea5 showed significant reactivation.
The pericentric human X chromosome can be divided into different parts -the short arm (Xp) and the long arm (Xq), or the recently added region (XRA) and the conserved region (XCR) (Fig. 3) (37) . In human cells, genes mapping to Xp tend to escape somatic X-chromosome inactivation (SXCI) more often than genes mapping to Xq (38, 39) , and Xp roughly corresponds to the XRA region of the human X while Xq corresponds to the XCR. Figure 3 shows a comparison of the human and mouse X chromosomes and the relative positions of the germ-cell-specific X-linked genes that can be identified on both homologues. Fthl17 is the only mouse X-linked, germ-cell-specific gene that we examined for which the human homologue both maps to Xp, and lies within the XRA. The human homologue of the mouse Ube1x gene also maps to Xp but lies within the XCR. The eight other germ-cell-specific, X-linked genes we examined all have human homologues that map to Xq (Fig. 3) .
DISCUSSION
We have conducted the most extensive study of sex-linked gene expression during spermatogenesis reported to date, and the only such study focused on germ-cell-specific, sex-linked genes. Our results confirm that MSCI does occur during mammalian spermatogenesis, and demonstrate that it affects germ-cell-specific sex-linked genes in a manner similar to that previously demonstrated for ubiquitously expressed sex-linked genes (18, (29) (30) (31) (32) . These results also show that, as a chromosome-wide repression mechanism, MSCI is limited to the sex chromosomes and does not affect autosomal genes. In addition, these results demonstrate that MSCI is a meiosis-specific phenomenon that does not persist on a panchromosomal basis in postmeiotic spermatogenic cells. Finally, our results indicate no correlation between relative proximity to the Xic/Xist loci and propensity of individual, germ-cell-specific X-linked genes to undergo or avoid postmeiotic reactivation.
Previous studies of sex-linked gene expression during spermatogenesis have been limited to relatively small numbers of genes (< five per study) and have been focused predominantly on ubiquitously expressed genes (17, (29) (30) (31) (32) (33) (40) (41) (42) . These previous studies consistently supported the occurrence of MSCI. Our study demonstrates that germ-cell-specific, sex-linked genes on both the X and Y chromosomes are also subject to MSCI, and thus illustrates the generality of MSCI as a sex-chromosome-wide effect. This is also consistent with a recent genome-wide study to identify the map location of sex-biased genes in which it was found that, as expected, genes subject to selection by MSCI are excluded from the X chromosome (43) . In this respect MSCI appears to be even more comprehensive than somatic X-chromosome inactivation (SXCI) that occurs during preimplantation development of mammalian embryos carrying two or more X chromosomes, since neither we nor anyone else have detected direct evidence for a sexlinked gene that escapes MSCI.
In the case of SXCI, a significant proportion (on the order of 15-25% in humans) of the X-linked genes examined have been found to "escape" inactivation (38, 39, 44) [actually these genes may undergo initial SXCI but rapidly reactivate (45, 46) ]. Carrel et al. (38, 39) found that a significant majority of X-linked genes known to escape SXCI map to Xp in the human, which largely corresponds to a region (XRA) that is believed to have derived from a previously autosomal region that was more recently added to the mammalian X chromosome (37) . Thus genes located within the human XRA tend to escape SXCI more often than genes within the XCR. Although fewer genes have been tested for escape from SXCI in the mouse, a significant minority appear to do so (47) (48) (49) (50) .
While we have not tested expression during spermatogenesis of any of the specific genes known to escape SXCI, we have tested X-linked genes located throughout the mouse X chromosome. Fthl17 is the one germ-cell-specific mouse gene we examined for which the human homologue maps well within the XRA (Fig. 3) . This gene showed no evidence of postmeiotic reactivation during spermatogenesis. Eight other genes that are X-linked and germ-cell-specific in the mouse (Usp26, Tktl1, Tex11, Tex16, Taf7l, Pramel3, Nxf2, Tex13) have homologues that map to Xq within the XCR region of the human X (Fig. 3) . In addition, the mouse Ube1x gene is homologous to the human UBE1X gene that maps to Xp, but still lies within the XCR on the human X.
Thus, all of the germ-cell-specific X-linked genes that showed some degree of postmeiotic reactivation during spermatogenesis in the mouse have human homologues that map to the XCR region of the human X chromosome. We have not examined expression during spermatogenesis of any genes that map to the pseudoautosomal region of the mouse or human X chromosome. (27) , exclusion of the poorly paired sex chromosome bivalent from surveillance by the meiotic checkpoint mechanism that otherwise shunts spermatocytes with mispaired homologues into an apoptosis pathway (26, 57) , and/or a primitive form of dosage compensation (34, 57, 58 ) that may still contribute to "preinactivation" of the paternal X chromosome (34) . No two of these hypotheses are mutually exclusive.
Recently it was proposed that inheritance of an inactive X chromosome from the sperm, and proximity to the Xic/Xist loci on the paternal X in particular, may contribute to imprinting and/or preinactivation of genes on the paternal X chromosome such that they will be preferentially inactive in the trophectoderm, primitive endoderm and early cells of the embryo proper following fertilization (34), though alternative explanations for nonrandom X chromosome activity in early female embryos have also been proposed (35) . The persistent influence of MSCI on X-chromosome activity following fertilization was proposed with respect to X-linked housekeeping genes (34) . Our data clearly show that at least a subset of germ-cell-specific genes reactivate in round spermatids after the completion of MSCI. Thus chromosome-wide inactivation of X-linked genes is not maintained following meiosis. However, most or all of the germ-cell-specific genes we investigated are not active in the preimplantation embryo, so it is not clear that our data bear directly on the preinactivation theory of dosage compensation in mammals (34) . It remains possible that MSCI in particular, or male gametogenesis in general, contributes to an imprinting mechanism that epigenetically programs post-fertilization repression of genes on the paternal X chromosome.
MATERIALS AND METHODS
Isolation of mouse spermatogenic cells
Populations of cells highly enriched for specific spermatogenic cell types were prepared from CD-1 mice (Charles River Laboratories) using the Sta Put method based on sedimentation velocity at unit gravity (59) . Primitive type A spermatogonia were prepared from testes of 6-day postpartum (dpp) mice. Type A and type B spermatogonia were isolated from 8 dpp mice. Puberal mice at 18 dpp were used for preparation of preleptotene spermatocytes, mixed leptotene plus zygotene spermatocytes, and puberal pachytene spermatocytes. Adult mice (60-70 dpp) were used for isolation of adult pachytene spermatocytes and round spermatids. Purities of recovered germ cell populations were assessed on the basis of cellular morphology under phase optics and were > 95% for pachytene spermatocytes and round spermatids, respectively, and > 85% for all other cell types. Primary contaminants in each population included developmentally adjacent germ cell types in the adult preparations, and somatic Sertoli cells in the prepuberal populations.
Expression analysis
A semi-quantitative RT-PCR technique was used for expression analysis as described (29) with modifications. For puberal-adult germ cell preparations, total RNAs were isolated using TRIzol reagent (Invitrogen) and poly(A) + RNAs were subsequently isolated using a QuickPrep
Micro mRNA purification kit (Amersham Pharmacia Biotech, Piscataway, NJ). 70 ng of poly(A)+ RNAs were reverse-transcribed using oligo(dT) 18 as a primer. Bulk cDNAs were diluted to a final volume of 200 µl and 5 µl was used as template for each 25 µl PCR reaction.
To avoid saturation of PCR, products were removed after various cycles (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) of PCR and examined by agarose gel electrophoresis. In all cases, products from RT-PCR amplification of actin served as a loading control. Gene-specific PCR primers were designed to avoid cross amplification from homologues. The primer sequences and PCR conditions have been deposited at GenBank. Gels were stained with ethidium bromide and photographed to visualize the size and intensity of each PCR product. Each reaction was conducted at least twice with similar results to confirm the expression patterns shown.
GenBank accession numbers
Primer sequences and PCR conditions for genes in Fig. 1 66.1 Significant *None = no detectable reactivation, slight = reactivation to transcript level < premeiotic level, strong = reactivation to transcript level > premeiotic level. **Not germ-cell-specific
